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Abstract 
Here, we report the synthesis of nanoporous carbons (NCs) derived from a low-cost and renewable biomass, 
jute, by a chemical activation process using KOH. Jute is one of the least expensive and most abundant crops, 
with a staggering 2.8 million metric tons of jute produced each year. In this study, we synthesize NCs from 
three different parts of jute fibers through a chemical activation technique using KOH. The NCs prepared from 
the bottom portion of the fiber show a high surface area (2682 m2·g-1) with the presence of both micropores and 
mesopores. The ultra-high surface area of jute makes it an economically viable, environmentally friendly 
precursor for NCs, with a wide variety of applications from energy storage to environmental and biomedical 
applications. 
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Introduction 
There has been relentless effort and a persistent desire to synthesize new porous materials with novel 
characteristics and exciting applications. The reason for such interest and development is the potential to obtain 
high surface area, tunable pore size, functional site availability, and guest-host interactions that can be used in a 
wide variety of fields, such as the biomedical and energy sectors, and for promising applications, for example, 
as adsorbents and catalysts.[1-2] Among the many porous materials, nanoporous carbons (NCs), with 
interpenetrating and regular nanopore systems, have recently inspired great research activity because of their 
fascinating chemical and physical properties, such as high specific surface area, well-defined pore structure, 
high thermal and chemical stability, intrinsic high electrical conductivity, low density and wide availability.[3-5] 
Therefore, NCs have been implemented in hydrogen storage,[6] pollutant adsorption,[7] energy storage,[8] energy 
conversion[9] and electrochemical sensing.[10] Recently, many research efforts have been devoted to carbon 
synthesis through the improvement of existing fabrication methods, as well as the development of new 
approaches. Nanoporous materials can be generally classified based on their pore diameter. Accordingly, free 
pore diameters less than 2 nm are classified as micropores, those between 2 nm and 50 nm are classified as 
mesopores, and pore sizes greater than 50 nm fall under macropores.[11] Conventional porous carbon materials, 
such as activated carbon, are routinely prepared by pyrolysis[12] or hydrothermal treatment[13] followed by 
chemical[14] or physical[15] activation of the organic precursors. However, the realization of ultra-high surface 
areas beyond the 2500 m2·g-1 threshold of NCs using waste biomass precursors via facile routes with the use of 
only oxidizing agents and heat treatment is a major challenge for researchers.[16] 
Recently, biomass-derived porous carbons have attracted the attention of researchers for use in a wide 
range of applications. Biomass-derived porous carbon is not only environmentally friendly but also cost 
effective, and the ease of availability makes it a promising precursor compared with its competitors.[17-19] 
Biomass refers to plant, plant-derived, animal-derived, industrial-derived, or sewage- or municipal waste-
derived materials that can be utilized to synthesize carbon materials for a variety of applications.[20] Currently, 
the most common precursors used to synthesize various porous carbon materials  are cherry stones,[21] coffee 
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husks,[22] banana peels,[23] almond shells,[24] corn cobs,[25] cotton stalks,[26] dates stones,[27] olive stones,[28] rice 
bran,[29] rice husks,[30] rice straw,[31] rice hulls,[32] sugarcane bagasse,[33] sawdust,[34] tea waste,[35] walnut 
shells,[36] durian shells,[37] herb residues,[38] waste apricot,[39] orange peels,[40] oil palm fibers,[41] coconut 
husks[42], etc. In addition, activated porous biocarbons using single-step activation have been reported.[43-46] 
However, considering the limited research utilizing jute biomass, the surface area is confined between 
400-1000 m2·g-1 for physically activated carbon[47,48] and 800-1200 m2·g-1 for chemically activated carbon[49,50]. 
Therefore, chemical activation generally results in a higher surface area than physical activation. With the ever-
increasing demand for ultra-high-surface-area NC for applications such as energy storage, there is a need for 
cost-effective synthesis methods using renewable precursors that are scalable for commercial applications.  
Here, we report the synthesis of NC derived from jute, a low-cost and renewable biomass, by a chemical 
activation process using KOH. Jute is one of the least expensive and most abundant crops, with a staggering 2.8 
million metric tons of jute produced each year.[51] However, due to technology advancements, synthetic fibers 
started to dominate the fiber market due to their high production output, greater tensile strength and 
environmentally non-degradable properties. These synthetic fibers possess a significant risk to the environment 
because they are not decomposed like natural fibers over time. On the other hand, natural fibers such as jute are 
environmentally friendly not only because they decompose over time but also because have a great impact on 
the greenhouse effect. It has been estimated that one hectare of jute plants can absorb approximately 15 metric 
tons of CO2 and release 11 metric tons of O2 in just 120 days of the jute growing period.[52] A jute plantation of 
hundreds or thousands of hectares would greatly reduce the level of greenhouse gas in the atmosphere and 
increase the level of pure oxygen in the atmosphere. Transforming this inexpensive and abundant crop into 
useful and valuable NC materials could restore the livelihood of millions of people across Asia and Africa. 
Research into practical applications that use high-surface-area NC is the way ahead to solving many of the 
world’s current problems. Very few reports have highlighted the conversion of jute fiber into valuable activated 
carbon using easy, inexpensive and scalable synthesis techniques.[47-50] At the same time reports on the 
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implementation of jute-derived high-surface-area NC using chemical activation are scarce. Additionally, the 
maximum surface area generated using jute- and jute-related precursors is less than 1200 m2·g-1.[50] 
In this study, we synthesized NCs from three different parts of jute fibers through a chemical activation 
method using KOH. Nitrogen adsorption-desorption isotherms, X-ray diffraction (XRD), X-ray photoelectron 
spectroscopy (XPS), Raman spectroscopy, Fourier transform infrared (FTIR) spectroscopy, UV spectroscopy, 
and scanning/transmission electron microscopy (SEM/TEM) were performed to characterize the morphology 
and porous structure of the obtained NCs. The NC prepared from the bottom portion of the fiber showed a high 
surface area (2682 m2·g-1) with the presence of both micropores and mesopores. The ultra-high surface area of 
jute-derived carbon makes jute an economically viable, environmentally friendly precursor for NCs, with a wide 
variety of applications from energy storage to environmental and biomedical applications. 
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Experimental 
Preparation of nanoporous activated carbon. According to a previous report,[51] jute biomass contains a high 
quantity of carbon in the form of pentosan (20-23 wt%), cellulose (45-48 wt%), and lignin (12-15 wt%). 
Furthermore, the jute biomass used in this work has a very low ash level (1-2 wt%) compared to rice husk (17-
18 wt%), bagasse (3-4 wt%), and wheat straw (13-14 wt%) raw biomass. The jute fibers (~190 cm) were cut 
and divided into three parts: bottom (70 cm), middle (70 cm), and top (rest 50 cm) parts. Each part was then cut 
into smaller pieces (~5 cm) and washed with warm distilled water(~50 °C) several times (15 times) and finally 
dried at 100 °C for 4 h. As shown in Scheme 1, the dried jute fibers were then pre-carbonized at 300 °C for 12 
h under air atmosphere and finally allowed to cool to room temperature by areal cooling. The pre-carbonized 
samples were then crushed into powder. The powder sample was mixed with KOH (1:1 wt ratio) and ground in 
an agate mortar until well mixed and a paste-like form was achieved. The mixture was stored at room 
temperature for 12 h before carbonization. The carbonization was carried out in a tubular furnace (KOYO-
Japan) at 900 °C for 3 h under a constant flow of nitrogen (120 cc min-1) at a heating ramp of 5 °C min-1. After 
carbonization, the samples were washed with dilute HCl (0.1 M) and water to remove any leftover 
potassium/inorganic residues and finally vacuum dried at 80 °C for 12 h. The carbon samples obtained from the 
bottom, middle and top parts are referred to as J-B, J-M and J-T, respectively. 
Characterization. Wide-angle XRD patterns were acquired using a Rigaku RINT 2500X diffractometer using 
monochromated Cu Kα radiation (40 kV, 40 mA) at a scanning rate of 2°·min-1. The morphology and 
microstructure were investigated via SEM and TEM. A Hitachi S-4800 SEM was used to obtain the SEM 
images at an accelerating voltage of 5 kV. A JEM-2010 TEM was utilized to perform the TEM observations at 
200 kV. Raman spectra were measured using a Raman JY HR800 spectrometer. FTIR spectroscopy was 
performed using a Shimadzu FTIR Prestige-21. Textural characterization was carried out by collecting nitrogen 
adsorption-desorption isotherms using a Quantachrome Autosorb Automated Gas sorption system at 77 K. UV-
3600 and UV-VIS-NIR spectrophotometers were used to evaluate the adsorption of methylene blue (MB). 
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Results and discussion 
Figure 1 shows the SEM images of natural jute and jute-derived NCs using different parts of the jute fiber. 
Figure 1a shows the strand-like framework of the natural jute fibers. After pre-carbonization followed by 
chemical activation prior to impregnation via KOH, activated NCs were obtained (Figure 1b-d). After 
treatment, the original fibrous structure was permanently changed to a globular shape. 
Figure 2a shows the wide-angle XRD patterns of the jute-derived NCs obtained from three different 
parts of the jute fiber (bottom, middle, and top parts). One broad peak at 2θ = 20-25°, which corresponds to the 
(002) plane of the graphitic structure, was observed.[52,53] All the carbon samples, regardless of the part of the 
jute fiber used, exhibited broad peaks, suggesting the formation of poorly graphitized carbon. Raman 
spectroscopy further confirms the presence of graphitic carbon. As shown in Figure 2b, two broad peaks are 
observed at 1353 cm-1 and 1597 cm-1, which correspond to the previously reported D and G bands.[54,55] The D 
band relates to the disordered carbon phase, whereas the G band relates to the sp2-hybridized graphite phase. 
The relative intensity ratios of the D band to the G band (ID/IG) are 1.25, 0.83, and 1.05 for J-B, J-M, and J-T, 
respectively. In our previous research, we directly carbonized jute and investigated the Raman spectrum.[51] In 
this case, with an increase in applied temperature, the ID/IG ratio gradually increases, indicating the generation 
of a larger number of defects. The ID/IG ratios are 0.96 (for 700 °C), 1.16 (for 800 °C), and 1.26 (for 900 °C). 
These values are much lower than that of commercially available activated carbon (2.06). Although in the 
present study we subjected the jute-derived carbon to an activation process, the low ID/IG ratio remained. The 
carbon sample prepared from the middle part of jute (J-M) shows the lowest value, indicating a higher graphitic 
degree. The N2 adsorption-desorption isotherms of the different samples are presented in Figure 3a. 
The instantaneous increase in adsorption at very low relative pressure indicates the presence of 
micropores. The subsequent gradual increase in the isotherm with increasing relative pressure suggests the 
presence of mesopores of various pore sizes. The non-localized density functional theory (NLDFT) method was 
utilized to obtain the pore size distribution shown in Figure 3b, which highlights the presence of both 
micropores and mesopores in all three samples. The J-B shows the highest portion of micropores comparing to 
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those of J-T and J-M. The surface areas of the three samples were calculated by the Brunauer-Emmett-Teller 
(BET) method and were found to be 2682 m2·g-1 (for J-B), 1909 m2·g-1 (for J-M), and 2494 m2·g-1 (for J-T). 
These values are higher than those of commercial activated carbon (1000-2000 m2·g-1) and significantly greater 
than other carbon materials prepared using plants.[51,56-58] The graphitic degree is in the order of J-M > J-T > J-
B, while the surface area is in the order of J-B > J-T > J-M. The presence of many micropores greatly 
contributes to the increase in surface area. As seen in the low relative pressure region in Figure 3a, the amount 
of micropores decreases when the graphitization degree is high. This can be expected because the formation of 
micropores necessitates abundant sp3-bonded carbons, which are mostly replaced by sp2-bonds during the 
graphitization process.[59] Generally, the porosity and contents of hemicellulose, lignin, and cellulose of jute 
fibers differ by location.[60] It has been reported that middle portion of jute has less hemicellulose and lignin 
than top and bottom portions.[60,61] The hemicellulose and lignin have a less thermal stability than crystalline 
cellulose,[62] which can cause the collapse of pores in high temperature carbonization process. This fact likely 
causes the differences in surface area and graphitic degree in the final products. 
Figure 4a shows the XPS survey spectrum of the J-B sample, indicating the presence of O and C 
elements in the sample. The deconvoluted C 1s spectrum (Figure 4b) has three distinct peaks at 288.3, 286.0, 
and 284.2 eV, corresponding to the oxygenated carbon species C=O, C–OH, and C=C/C–C, respectively. The 
highly intense C=C/C-C bonds indicate the good conducting nature of jute carbon through delocalized π 
electrons. In addition, the peaks indicated the presence of oxygen-containing groups due to the decomposition 
of jute cellulose, which contains oxygen; this has been observed previously in biomass-derived carbon 
materials.[63] 
To investigate the implementation of ultra-high-surface-area NC for practical applications, such as water 
purification and toxin removal from aqueous media, we investigated the adsorption of MB by NC with 
dimensions of 1.43 nm × 0.61 nm × 0.4 nm (Figure 5). The adsorption capacity of commercially available 
carbon was also investigated. The maximum adsorption capacity of MB was determined by mixing MB 
solutions (50 ml) of different concentrations with carbon samples (10 mg) in the dark at 25 °C for 3 h until 
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equilibrium was established. The suspension was then centrifuged to separate the carbon samples from the 
solution. The supernatant solution was extracted using a syringe, and the concentration of MB was calculated by 
measuring the absorbance at 664 nm (maximum absorbance for MB). Finally, the amount of MB adsorbed by 
the carbon samples was calculated by deducting the MB concentration in the final solution from the initial MB 
concentration.  
Qe = (C0-Ce)·V·m-1 
where C0 is the initial MB concentration in the liquid phase (mg·L-1), Ce is the MB concentration in the final 
solution (mg·L-1), V is the volume of solution used (L), and m is the mass of adsorbent used (g).  
Jute-derived activated carbon exhibits a much higher adsorption capacity (> 200 mg·g-1) than expensive 
commercial activated carbon (176 mg·g-1).[51] The carbon sample prepared from the top part of the jute fiber 
shows the highest adsorption capacity of 239 mg g-1. The high porosity and open pore network of the carbon 
matrix can facilitate fast molecular diffusion and promote accessibility to the entire pore surface. Interestingly, 
the MB adsorption capacity was normalized by the surface area obtained from the N2 adsorption-desorption 
isotherm. The values are 0.078 mg·m-2 (for J-B), 0.115 mg·m-2 (for J-M), and 0.096 mg·m-2 (for J-T). As 
mentioned above, the graphitic degree is in the order of J-M > J-T > J-B. Thus, the MB dye more effectively 
interacted with the carbon surface due to π-π interactions between the MB molecule and graphitic carbon (sp2-
bonded carbon).[64] 
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Conclusion 
Biomass-derived activated NCs were synthesized from jute fibers through pre-carbonization and chemical 
activation processes using KOH. Three different parts of the jute fiber were subjected to the chemical activation 
technique using KOH, and their porous properties were compared. The prepared NCs showed high surface areas 
of 2682 m2·g-1 (for J-B), 1909 m2·g-1 (for J-M), and 2494 m2·g-1 (for J-T). The highly increased surface area is 
attributed to the formation of both micropores and mesopores. In the MB adsorption test, J-T exhibited a high 
adsorption capacity of 239 mg·g-1. We believe that economically viable and environmentally friendly jute 
biomass is a promising material for the synthesis of carbon with ultra-high surface area for use in various 
applications, such as environmental and electrochemical storage applications. 
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Figure legends 
Figure legends 
 
Scheme 1. Schematic illustration of the preparation of activated jute-derived nanoporous carbons.  
 
 
 
Figure 1. SEM images of (a) the jute fiber starting material and the activated nanoporous carbons (b) J-B, (c) J-
M, and (d) J-T prepared from three different parts of the jute fiber. 
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Figure 2. (a) Wide-angle X-ray diffraction patterns and (b) Raman spectra of nanoporous carbons prepared 
from different parts of the jute fiber. 
 
 
 
Figure 3. (a) N2 adsorption-desorption isotherms and (b) pore size distribution curves of nanoporous carbons 
prepared from different parts of the jute fiber. The DFT method was used to obtain the pore size distribution. 
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Figure 4. (a) X-ray photoelectron spectroscopy survey spectrum and the (b) C 1s spectrum of the J-B sample. 
 
 
 
Figure 5. Adsorption of methylene blue by the nanoporous carbons prepared from different parts of the jute 
fiber. 
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Highlights 
• Low cost and renewable biomass, Jute is used for synthesis of nanoporous carbons by 
chemical activation process with KOH. 
• Three different parts of Jute are carbonized and compared for porous properties.  
• The NCs prepared from bottom portion of the fiber show high surface area (2682 m2·g-1) 
with the presence of both micropores and mesopores. 
